A micro-scale catalytic combustor fueled by butane was investigated. High-precision ceramic tape-casting technology was adopted for developing a three-dimensional structure of the combustor with embedded heat exchange channels. Nano-porous alumina fabricated through anodic oxidation of aluminum layers was employed for the support of Pd catalyst. Combustion experiments were carried out in a solder bath to keep the catalyst temperature constant. Complete fuel conversion for a n-butane flow rate of 5.0 sccm has been achieved at 390
Introduction
Due to recent advances in mobile electronic devices and autonomous robots, the worldwide demand for secondary batteries is growing rapidly. Although the Li-ion battery has the highest energy density among secondary batteries for consumer use at present, it is expected that its energy density is far below the need of the high-performance electronic devices in the near future. On the other hand, the energy density of hydrocarbon fuels such as methanol, propane and butane is tens of times larger than that of the Li-ion battery. Therefore, miniaturized energy conversion from chemical energy of hydrocarbon fuels to electricity attracts much attention [1] .
In the present study, we investigate a small-scale combustor, which is essential for various mobile power generation systems such as gas turbine engine [2] , thermoelectric generator [3] , thermophotovoltaic (TPV) generator [4] and reformer-based fuel cell [5] . The advantage of combustion-based systems over fuel cells is their higher electrical generation density. In order to avoid quenching phenomena due to the increase of the surface-to-volume ratio in small-scale combustors, excess-enthalpy combustors [6] [7] [8] and a combustor with proper wall material and temperature conditions [9] are proposed. However, catalytic combustion is preferred to homogeneous combustion due to the potential of stable heat generation with better controllability in the range of tens of watts [10] . Arana et al [11] developed a micro suspended-tube chemical reactor with Pt catalyst for high-temperature fuel processing. They obtained 0.8 W heat generation using butane fuel with extremely small heat loss to the ambient. Vican et al [7] developed a Swissroll type micro combustor to reduce heat loss to ambient. They employed platinum/alumina as the catalyst, and made combustion experiments using hydrogen over a wide range of equivalence ratios. Ahn et al [12] also developed a Swissroll combustor to investigate the reaction characteristics with and without platinum catalyst. They reported that catalytic combustion could extend the flammability limit to extremely low temperatures around 80
• C. Wang et al [13] developed a micro ceramic combustor using a tape-casting method, and measured fuel conversion efficiency of n-butane on palladium/alumina catalyst under low-temperature conditions (<700 K). In our previous study on micro-scale combustion using a 0.6 mm ID tube, Suzuki et al [14] demonstrated that anodized nano-porous alumina is promising as the support of a platinum catalyst.
The objective of the present study is to develop a highperformance micro-scale catalytic combustor, which can be applied to micro TPV systems. Since the target temperature is above 800
• C, a palladium (Pd) catalyst supported by nano-porous alumina is employed. A high-precision ceramic tape-casting technology [15] is employed for the fabrication of the combustor equipped with heat exchange channels. A series of experiments with normal butane (n-butane) was carried out, and the performance of the combustor is discussed through comparisons between the experimental data and the CFD results.
Fabrication

Catalyst layer
In the present study, nano-porous alumina made through anodic oxidation of aluminum is employed as the catalyst support [16] . Advantages of the anodized alumina support are twofold; firstly, it is easy to optimize the film thickness and its characteristics such as porosity and pore diameter. Secondly, anodized alumina has good adhesion to the substrate, so that the catalyst layer is robust for thermal shock expected to occur during the operation of micro combustors. Suzuki et al [15] employed time-consuming thermal evaporation for the deposition of the aluminum layer. In the present study, we employ thermal spray coating instead in order to fabricate thick aluminum layers more efficiently. We employ a Pd catalyst, because a Pd catalyst can be used up to 900
• C and has larger active surface area than Pt at temperatures above 600
• C. The fabrication process of Pd/nano-porous alumina starts with the deposition of about 100 µm thick aluminum onto a tungsten film on a ceramic substrate using thermal spray coating. The porosity of the aluminum layer is about 1%. The substrate is then annealed in nitrogen gas at 500
• C for 5 h to improve adhesion between the tungsten and aluminum films. Then, the substrate is submerged in an anodic oxidation bath (figure 1), in which a 4 wt% oxalic acid solution is employed as the electrolyte. The temperature of the solution is kept at 10
• C. A constant current source and a stainless steel rod are respectively employed for the power supply and the cathode. Electric current density and the duration of anodic oxidation are respectively chosen as 50 A m −2 and 7 h, which are enough to anodize the entire aluminum layer. Note that electronic contact to the aluminum layer is accomplished with the base tungsten layer, which has a contact through a via to the backside gold-plated tungsten pad. After the anodic oxidation, a bake at 350
• C is made for 1 h in nitrogen gas. Finally, the nano-porous alumina is dipped into 4.5 wt% diamine-dinitropalladium solution (Pd(NH 3 ) 2 (NO 2 ) 2 ) at 50
• C for 1.5 h, dried naturally for 2 h and calcinated at 350
• C for 1 h in nitrogen gas. Kameyama et al [17] report that the surface area of the alumina prepared with the above-mentioned procedure can be increased up to over 150 m 2 g −1 after calcination. Figure 2 (a) shows a SEM image of the aluminum layer deposited with the thermal spray coating. Since the aluminum particles employed have a diameter of around 20 µm, the surface roughness of the aluminum layers is a few tens of micrometers. After the anodic oxidation, the surface has a nano-porous structure, where the pore diameter and the mean spacing between pores are respectively 20 nm and 50 nm as shown in figure 2(b).
Ceramic micro combustor
In order to fabricate a cost-effective and robust micro-scale combustor, we employ high-precision tape-casting technology [15] developed for semiconductor ceramic packages. Its advantages are high thermal resistance, high-precision fabrication with an alignment error within 30 µm, applicability to quasi three-dimensional structures by stacking multiple layers, and simple integration of electrodes and heaters into the ceramic structure. In particular, the combustor fabricated by this technology has a potential for high-temperature operation up to 800
• C, which is determined by the brazing temperature of the ceramic plates. Figure 3 (a) shows a schematic design of the microscale ceramic combustor. For heat recovery, this prototype combustor has cross-flow heat exchange channels having cross sections of 15 × 0.5 mm 2 . Through these channels, heat exchange takes place between the fresh mixture and hightemperature exhaust gas. Surface reaction of n-butane occurs in the undermost combustion channel, of dimensions 15 × 19 × 0.3 mm 3 . As shown in figure 3(b), the present combustor has a 3D manifold to achieve a uniform flow velocity profile in the cross-stream direction with minimal pressure drop. Due to multiple flow impingements to the manifold walls, the velocity at the center of the channel is uniform within 3% [15] . Figure 4 (a) shows a birds-eye view of the micro ceramic combustor, which is fabricated by stacking 12 ceramic plates; the upper nine plates for the cross-flow heat exchange channels and the lower three plates for the combustion channel as shown in figure 4(b) . The thickness of the plates is chosen as 0.3-0.5 mm. The bottom plate (first layer) consists of two separate plates and an embedded tungsten heater for ignition in between. Two gold-plated tungsten pads are located on the backside of the bottom plate for the electrical connection to the heater. As shown in figure 1 , the bottom plate also has another pad on the backside for anodic oxidation, which has via holes to the front-side electrode. Figure 5 shows a schematic of the present experimental setup. Flow rates of n-butane and air are regulated by mass flow controllers (MASFLO, Oval Corp.). The full scales of these mass flow controllers are respectively 30 sccm and 1000 sccm for n-butane and air. Bias errors of the flow rate are within 1% of their full scale. Fuel and air are well mixed in the mixing section before entering the combustor. The combustor is submerged into a solder bath in order to keep the catalyst temperature constant at 200-400
Combustion experiment
Experimental setup
• C. Since solder has a large heat capacity and thermal conductivity, the temperature difference between the catalyst and the solder is estimated to be within 11 K for the butane flow rate of 5.0 sccm.
The fuel conversion efficiency is evaluated with the carbon dioxide concentration in the exhaust gas. Since the aspiration rate of the gas analyzer (Model 4300, Nippon Thermo) is larger than the flow rate of the exhaust gas, ambient air is also introduced into the gas analyzer through a T-junction shown in figure 5 . The CO 2 concentration of the exhaust gas is compensated using the flow rate of the exhaust gas and the aspiration rate of the gas analyzer. The bias error of the gas analyzer is within 0.5% of its full scale. Under the present experimental condition, the flow rate of n-butane Q B is changed in the range of 2.5-5.0 sccm corresponding to the heat generation of 5-10 W at complete fuel conversion. The equivalence ratio φ is maintained constant at 0.95 when Q B is 2.5 sccm, and changed in the range of 0.5-0.95 when Q B is 5.0 sccm. The Reynolds number is 10-60 under the present experimental conditions, so that the flow in the combustor remains laminar.
Experimental results
Prior to combustion experiments, the palladium catalyst is activated by reduction using 1 vol% hydrogen gas at 300
• C for 10 h, and the combustor is operated for a sufficiently long period to reach the steady activation state. Figure 6 shows heat generation versus the catalyst temperature. Each data point represents an ensemble average over 27 samples for 13 min. The uncertainty intervals (U rss = 95%) are calculated with the measurement uncertainty of the mass flow rate, the aspiration rate of the gas analyzer, and the CO 2 concentration. It is found that onset of ignition is in between 225
• C and 250
• C, and the heat generation increases with the catalyst temperature. When φ = 0.95, the fuel conversion efficiency for Q B = 2.5 and 5.0 sccm is respectively 94 ± 14% and 110 ± 11% at 390
• C. Therefore, almost complete fuel conversion has been achieved under these conditions. Note that efficiency larger than 100% is due to the measurement uncertainty, but 100% efficiency is still within the uncertainty interval. For Q B = 5.0 sccm, the heat generation is 10 W, which corresponds to heat generation density as large as 100 MW m −3 . When Q B = 5.0 sccm and φ = 0.50, the fuel conversion efficiency is 105 ± 10% at 390
• C. Thus the reduction of the equivalence ratio from 0.95 to 0.5, which corresponds to the decrease in the residence time, gives small changes in the fuel conversion efficiency. Therefore, diffusion in the combustion channel is not the limiting factor, but the surface reaction speed itself plays a dominant role in determining the overall reaction rate at low catalyst temperature.
Modeling and CFD analysis
Surface reaction model
While simple but reasonable surface reaction models are proposed for hydrogen and methane [18] , the detailed surface reaction mechanism of n-butane remains unknown because of its complex elementary reaction steps. In the present study, we assume the one-step irreversible reaction of n-butane, i.e., C 4 H 10 + 6.5O 2 → 4CO 2 + 5H 2 O.
(
In addition, since the oxidation rate of hydrocarbons on a catalyst is typically modeled as the first order in fuel a concentration and independent of oxygen concentration [13, 19] , the surface reaction rate of n-butane, R B , can be expressed as
where C B,s (x), A, E, R and T c are respectively the molecular concentration of butane at the catalyst surface, pre-exponential factor, activation energy, universal gas constant and catalyst temperature. The reaction constants, i.e., A and E, are dependent on the effective surface area and the activity of the catalyst, and should be determined from the experimental data. In the present study, the 1D plug flow model is assumed, which is based on the assumption of no mixing in the streamwise direction but perfect mixing in the transverse direction. With this model, mole balance equations of n-butane can be written as
where A c , u, C B,b (x), W and k m,B are respectively the crosssectional area of the combustion channel, bulk mean velocity, bulk mean concentration of n-butane at the streamwise position of x, wetted area per unit length and mass transfer rate of S201 n-butane. From equations (3) and (4), we obtain
where L is the streamwise length of the catalyst layer [14] .
In the derivation of equation (5), the bulk mean velocity is assumed constant in the streamwise direction, because its change due to chemical reaction is less than 4.7%. Assuming a fully developed mass boundary layer with the Sherwood number equal to 4 [20] , the mass transfer rate, k m,B, can be given by
where D B and d are the mass diffusivity of n-butane in air and the hydraulic diameter of the combustion channel. Since the mole concentration of n-butane is small enough under present experimental conditions, D B is independent of the n-butane concentration. Then D B can be given by
T 273 1.833 .
We can determine all the variables on the RHS of equation (5) from the combustor dimensions and the experimental data. Figure 7 shows the RHS of equation (5) versus 1/T, where error bars represent the uncertainty intervals. We employ the experimental data for Q B = 5.0 sccm and φ = 0.50 in order to determine the reaction constants with a curve fitting, because the uncertainty interval of the fuel conversion efficiency is the smallest among the three experimental conditions. We apply a weighted least-squares method to the experimental data between 275 and 375 • C with a weighted factor W i (i = 1, . . . , 8) given by
where U i represents the uncertainty interval of each data point. From the y-intercept and the slope, we obtain the reaction constants as follows: A = 6.181 × 10 8 (m s −1 ) and E = 1.163 × 10 8 (J kmol −1 ). The activation energy estimated in the present study is in reasonable agreement with the previous data by Wang et al [13] of 0.9 ± 0.05 × 10 8 (J kmol −1 ). 
CFD analysis of the ceramic combustor
With the reaction constants of the surface reaction model, we made a series of CFD analysis of the flow, thermal and concentration fields with commercial software (Fluent 6, Fluent Inc.). In addition to the Navier-Stokes equations, the energy and species transport equations in the flow domain, and the heat conduction equation in the ceramic wall are solved. Temperature dependence of density, specific heat and mass diffusivity for the mixture are considered. As mentioned earlier, the flow inside the combustor remains laminar. The temperature of the catalyst wall is set constant, and all the external surfaces of the combustor excluding the inlet and the outlet are assumed to be thermally insulated. At the inlet, the temperature of the butane-air mixture is set to 300 K and a uniform velocity profile is assumed. The outflow boundary condition is assumed at the outlet. The thermal conductivity of the ceramic walls is set to 14 W mK
. Figure 8 shows contours of n-butane molar concentration in the longitudinal symmetry plane of the combustion channel for Q B = 5.0 sccm at φ = 0.50. For the catalyst temperature of 390
• C, the gradient of the molar concentration is large in the wall-normal direction as shown in figure 8(a) . Since almost perfect conversion is achieved in this case, the molar concentration is very small near the channel exit. On the other hand, at a lower temperature of 300
• C, contours are sparsely distributed due to lower reaction rate, and about 70% S202 Development of a micro catalytic combustor using high-precision ceramic tape casting of the fuel leaves the combustion channel ( figure 8(b) ) without reaction.
CFD results of the heat generation are compared with the experimental data. Figure 9 (a) shows heat generation for Q B = 5.0 sccm at φ = 0.50. Since the experimental data at this particular fuel flow rate are used for the curve fitting, the CFD results are in good agreement with the experimental data. Figure 9 (b) shows heat generation for Q B = 2.5 sccm and Q B = 5.0 sccm at φ = 0.95. The CFD results are in accordance with the experimental data. However, the present CFD result somewhat overestimates the heat generation between 325
• C and 350
• C for both Q B = 2.5 and 5.0 sccm.
The performance of the present combustor at a higher catalyst temperature is estimated with the CFD analysis. Figure 10(a) shows the n-butane flow rate for 98.5% fuel conversion efficiency at φ = 1.0 versus the catalyst temperature T c . At 800
• C, n-butane flow rate of 24 sccm can be converted with 98.5% fuel conversion efficiency, which corresponds to as large as 47 W heat generation. Figure 10(b) shows the ratio of the diffusion rate to the specific reaction rate. The ratio is higher than 15 at T c = 300
• C, but rapidly decreases with increasing T c . It is found that the ratio becomes lower than unity for T c > 380
• C. Therefore, the overall reaction rate is limited by diffusion for catalyst temperature higher than 
380
• C. This is why the fuel flow rate for 98.5% conversion is somewhat saturated for high catalyst temperature. Figure 11 shows profiles of heat generation density in the streamwise direction for 98.5% fuel conversion efficiency. The vertical axis is non-dimensionalized with its value at the leading edge. When the 1D plug flow model is employed, distributions for the same fuel conversion efficiency are independent of the catalyst temperature T c and collapse on a single curve; the heat generation density decays with an exponential curve in the streamwise direction. CFD results for T c = 400 and 800
• C show a small discrepancy near the inlet, but are in good agreement with profiles of the 1D plug flow model downstream. This large distribution of the heat generation density will result in nonuniform distribution of the catalyst temperature, which should be minimized in real applications such as TPV.
Preliminary experiment in the atmosphere
A preliminary experiment on combustion in the atmosphere is made to examine the sustainability of the present combustor. The temperature of the bottom surface of the combustor is measured by a radiation thermometer (TMZ51, Japan Sensor Corp.) with a measurement spot diameter of 3 mm. Figure 12 shows the time trace of the surface temperature. In this experiment, the equivalence ratio is kept at 0.95, and the n-butane flow rate is changed with time. The combustor is preheated up to 300
• C before fuel is supplied to the combustor. For Q B = 10 sccm, the surface temperature gradually decreases after unstable operation during the first tens of seconds, because heat loss by natural convection and thermal radiation is larger than the heat generation inside the combustor. On the other hand, for Q B = 15 sccm, self-sustained combustion is achieved with relatively small temperature change because of larger heat generation. Although there are temperature fluctuations with small amplitude, the temperature is restored to its original level. When Q B = 20 sccm, we can operate the combustor at higher temperature than 500
• C. With a 1D analysis, the catalyst temperature under this condition is estimated to be about 505
• C. It is noted that although the ceramic plate itself should withstand much higher temperature, this particular experiment was limited to 500
• C because of the low thermal durability of the tubing material and the brazing material.
Conclusion
A micro-scale catalytic combustor has been developed using a high-precision ceramic tape-casting technology. It is found that Pd/nano-porous alumina catalyst fabricated through anodic oxidation of spray-coated aluminum works well for catalytic combustion of n-butane. The combustor performance is evaluated by a series of experiments in a solder bath. The Pd catalyst has shown high activity even at a low temperature around 400
• C. With a detailed analysis of combustion characteristics by CFD, the reaction constants are determined from the experimental data with the aid of a 1D plug flow model. It is suggested through the CFD analysis that for φ = 1.0, up to 24 sccm n-butane is completely converted at 800
• C in the present combustor. A preliminary combustion experiment in air shows that stable operation is possible at 425
• C with the butane flow rate of 15 sccm.
